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substrates having different thicknesses using laser 
beams having different wavelengths. The objective lens 
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an aberration of a focused spot of each of the laser 
beams. The annular phase shifter can be optimally 
combined with the objective lens having inner and outer 
regions each having a different substrate thickness. 
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Description 

BACKGROUND OF THE INVENTION 

s The present invention relates to an optical disk apparatus for optically reading information from an optical storage 

medium. More particularly the present invention relates to an optical head for reading signals from optical disks having 
different substrate thicknesses by using light sources having different optical wavelengths, and an objective lens for use 
in such optical head. 

Optical disks have recently been making remarkable advances as large capacity-removable-information storage 

10 media. Accordingly, writing-reading methods, storage densities and disk sizes have taken on great diversity. Thus, it is 
becoming very difficult to ensure compatibility among the different systems. Among other things, CDs (Compact 
Disc(s)) are presently most popular, and CD-Rs (Compact Disk-Recordable(s)) which are recordable CDs having read- 
ing compatibility with CDs are becoming equally as popular. It is desired that development of new optical disks meet the 
important demand for compatibility with such CDs and CD-Rs. 

is Recently DVDs (Digital Video Disk(s), the next generation of high density ROM following CDs and CD-Rs, have 

been introduced to the market. To increase the storage density of a DVD, the numerical aperture (NA) of an objective 
lens is increased from 0.45 for the conventional CDs up to 0.6. Letting X be the wavelength of a laser source to be used, 
the size of a focused spot on an optical disk is proportional to A/NA, so that as the wavelength is made shorter and the 
NA larger, the size of the beam spot can be made smaller. If the size of the beam spot is small, it is possible to read 

20 high-density information pits with good quality, so that the storage density of the optical disk can be increased. 

In light of the above, the wavelength of a semiconductor laser used for DVDs is 650 nm instead of 780 nm for CDs. 
However, since an increase in the NA sharply increases coma which occurs when a disk tilts, and rather degrades the 
beam spot, it is impossible to excessively increase the NA. For this reason, DVDs have a substrate thickness of 0.6 mm 
thinner than 1.2 mm of CDs so that the NA can be increased and the accompanying coma due to a disk tilt can be 

25 reduced. However, since the substrate thickness of DVDs differs from that of CDs, if a CD is read with a DVD<iedicated 
objective lens, a spherical aberration will occur and the beam spot will defocus. This occurs because objective lenses 
for optical disks are respectively intended for particular substrate thicknesses and are beforehand designed to have 
spherical aberrations which compensate for the particular substrate thicknesses. 

Conventional apparatus for solving the above problem is described in, for example, Optical Review, Vol. 1, No. 1 

30 (1994) pp. 27-29). In this conventional apparatus, a hologram is formed on the surface of an objective lens for 0.6 mm 
disks, and a CD is read with diffracted light, while a DVD is read with transmitted light. The pattern of the hologram is 
beforehand designed so as to compensate for spherical aberration which occurs during CD-read. However, in this con- 
ventional apparatus, since the hologram is used, a beam spot for DVDs is produced even during a CD-read operation, 
whereas a beam spot for CDs is produced even during a DVD-read operation. In addition, a beam reflected from a disk 

35 is again diffracted. This leads to the disadvantage of unavoidable loss of light power. 

A second conventional apparatus is described in Mitsubishi Electric Co. Ltd. News Release, No. 9507 (June 21, 
1995). In the second conventional apparatus, both an objective lens for 0.6 mm disks and an objective lens for 1 .2 mm 
disks are provided on an optical head, and the two lenses are switched when needed by a movable actuator. However, 
in this example, since the two lenses are switched when needed, there are problems such as an increase in cost due 

40 to the use of two lenses, the reproducibility of the positions of the lenses, and the degradation of response characteris- 
tics due to a large and heavy actuator. 

Athird conventional apparatus is described in Nikkei Electronics, January 29, 1996 (No. 654), pp. 15-16. In the third 
conventional apparatus an aperture limitation using a liquid crystal is provided, and during a CD-read operation, the NA 
is reduced to 0.35 so as to reduce aberration. Since a semiconductor laser of wavelength 635 nm is used for both CDs 

45 and DVDs, the NA for CDs can be reduced to some extent. There is, however, a disadvantage in that this method cannot 
be used for reading CD-Rs whose reflectance becomes quite low for a beam of wavelength shorter than 780 nm. 

A fourth conventional apparatus is described in Japanese Patent Application No. 342203/1995. The fourth conven- 
tional apparatus provides an objective lens in which the inner and outer regions are given different optimized substrate 
thicknesses, so as to realize compatibility between both DVDs and CDs at a wavelength of 650 nm. However, if a CD is 

so to be read at a wavelength of 780 nm, this boundary NA needs to be made at least 0.45 or more, but this case leads to 
the disadvantage that the aberration for DVD-read becomes extremely large. 

SUMMARY OF THE INVENTION 

55 An object of the present invention is to provide an optical disk apparatus having an optical head for reading signals 
from optical disks having different substrate thickness by using light sources having different optical wavelengths. 

Another object of the present invention is to provide an objective lens for use in an optical head for reading signals 
from optical disks having different substrate thicknesses by using light sources having different optical wavelengths. 
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Yet another object of the present invention is to provides an optical head for reading a CD having a substrate thick- 
ness of 1 .2 mm by using a beam of wavelength 780 nm as well as a DVD having a substrate thickness of 0.6 mm by 
using a beam wavelength of 780 nm, without loss of light power, at low cost and with high precision. 

The present invention provides an objective lens for focusing two laser beams having different wavelengths on an 
5 optical disks having different thicknesses. Integrally added to objective lens is an annular phase shifter for decreasing 
aberrations of focused spots of the respective wavelengths. 

A second embodiment of the present invention provides an objective lens having different substrate thicknesses in 
the inner and outer regions of the objective lens for focusing a laser beam without aberration. Integrally added to the 
objective lens is an annular phase shifter for decreasing aberrations of focused spots of laser beams of different wave- 
io lengths. 

A third embodiment of the present invention provides an optical head which includes at least two semiconductor 
lasers having different wavelengths, a diverging apparatus for diverging a beam reflected from an optical disk from an 
optical path which extends from the semiconductor lasers to the optical disk, and a detector for detecting a focused spot 
position control signal and a data signal from the reflected beam diverged by the diverging apparatus. The optical head 
15 further includes an objective lens for focusing beams having the respective wavelengths on optical disks having differ- 
ent substrate thicknesses. 

A fourth embodiment of the present invention provides an optical head which includes at least two semiconductor 
lasers having different wavelengths, an objective lens for focusing beams having the respective wavelengths on optical 
disks having different substrate thicknesses, a diverging apparatus for diverging a beam reflected from an optical disk 
20 from an optical path which extends from the semiconductor lasers to the optical disk, and a detector for detecting a 
focused spot position control signal and a data signal from the reflected beam diverged by the diverging apparatus. The 
optical head further includes an annular phase shifter for decreasing aberrations of focused spots having the respective 
wavelengths. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will he more apparent from the following detailed description, when taken in conjunction with 
the accompanying drawings, in which: 

30 Fig. 1 is a diagram illustrating an objective lens according to the present invention;. 
Fig. 2 is a diagram illustrating a wavefront shape of a spherical aberration; 
Fig. 3 is a diagram illustrating a wave aberration shape obtained from an annular phase shifter; 
Fig. 4 is a diagram illustrating a wave aberration shape obtained from an inverted annular phase shifter; 
Fig. 5 is a table indicating phase shift for a CD under conditions which do not affect a DVD; 

35 Fig. 6 is a graph illustrating spot performance for a CD-read operation when a dual and a phase shifter are com- 
bined; 

Fig. 7 is a graph illustrating a RMS wavefront aberration occurring during a DVD-read operation; 

Fig. 8 is a diagram illustrating a dual optimum substrate lens with which an optimized inverted annular phase shifter 

is formed integrally; 

40 Fig. 9 is a graph illustrating a variation in spot performance for a CD-read operation due to a shift of a CD-read 
wavelength; 

Fig. 10 is a graph illustrating a RMS wavefront aberration for a wavelength shift during a DVD-read operation; 
Fig. 1 1 is a graph illustrating wave-aberration shapes for a CD-read operation; 
Fig. 12 is a graph illustrating wave-aberration shapes for a DVD-read operation; 
45 Figs. 13A and 13B are a graph and a table illustrating the result of calculations on spot shapes; 

Fig. 14 is a diagram illustrating an embodiment of an optical head of the present invention; 

Fig. 15 is a diagram illustrating an embodiment of the present invention in which an objective lens and an annular 

phase shifter are integrated in a hybrid form; and 

Fig. 16 are tables of the specification and shape of a DVD lens. 

so 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the present invention will be described below with reference to the accompanying drawings. 

Fig. 1 is a diagram illustrating an objective lens according to the present invention. The construction of an objective 
55 lens according to the present invention makes use of a DVD objective lens 1. According to the present invention a 
doughnut-shaped annular phase shift region 101 is added to the DVD objective lens 1. The annular phase shift region 
101 may be formed as a thin film, or the DVD objective lens can be worked directly into such a shape in advance. Since 
a normal DVD lens is designed to have no aberration for a substrate thickness of 0.6 mm, when a DVD is to be read 
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with a laser beam of wavelength 650 nm, an aberration is made as small as possible by the phase shifter. On the other 
hand, when a CD having a substrate thickness of 1.2 mm is to be read with a laser beam of wavelength 780 nm, a 
spherical aberration due to a substrate thickness of 0.6 mm is decreased. 

The manner in which an aberration decreases will be qualitatively described below. Fig. 2 is a diagram illustrating 

s the wavefront shape of a spherical aberration for an optimized focus position. In Fig. 2, the horizontal axis represents 
the coordinates of the pupil radius of the objective lens, while the vertical axis represents a wave aberration. A beam 
spot to be used for reading a CD with a DVD objective lens has a wavefront shape such as that approximately 
expressed by a quartic function, because of the difference in substrate thickness between the CD and the DVD. Fig. 3 
is a diagram illustrating a wavefront shape obtained from an annular phase shifter. It can be seen that the maximum 

w value of the aberration is made smaller by the annular phase shifter. 

The aberration of a DVD must not become large when it is read by using the above-described DVD objective lens. 
One method to compensate for this is to use the difference between a wavelength for a CD-read operation and a wave- 
length for a DVD-read operation so that a phase shift occurs only when a CD is being read and no phase shift occurs 
when a DVD is being read. For this purpose, letting XI be the wavelength for a CD-read operation, X2 the wavelength 

15 for a DVD-read operation, and 4> a phase shift occurring during a CD-read operation, the following is provided: 



(n + (|>)a,1 = mX2 (n, m: integer) Eq. 1 

The integers m and n may be selected to satisfy the above equation. If there is no appropriate morn, the manner 
20 of the phase shift may also be altered as shown in Fig. 4. In this case, a wavefront shape identical to that shown in Fig. 
3 can be realized by applying a phase shift of to the region other than the annular phase shift region. Therefore, in 
this case the following is provided: 



(n- <t>)X1 = mX.2 (n, m: integer) Eq. 2 



25 



30 



From this equation, for example, if X1 is set to 780 nm and 12 650 nm, the phase shift 4» in each region is as shown 
in Fig. 5. If the phase shift is selected in this manner, it is possible to decrease the spherical aberration during a CD- 
read operation without at all affecting the wavefront for a DVD-read operation. The term "inverted annular phase shifter" 
used herein is a name which takes into account the case in which a phase shift is realized by a phase lag, such as when 
a film having a larger refractive index than air is added. In a case where a phase shift can be realized by a phase lead, 
as by grinding a lens, the annular phase shift region may be directly formed by grinding. Since either case is equivalent, 
both cases will be hereinafter referred to as the inverted annular phase shifter. 

The shape of the annular phase shifter and the optimization of the phase shift will be described below. The Strehl 
intensity which is the main peak intensity of a beam spot having an aberration normalized with the main peak intensity 
35 of an aberration-free spot is available as an evaluation index of a beam spot. However, with such Strehl intensity, a dif- 
ference in NA in the presence of an aperture limitation does not appear. For this reason, the ratio of the main peak inten- 
sity of a beam spot to a total light power incident on the pupil of an objective lens is adopted as a new evaluation index 
when an aperture limitation is present. For example, even for the same aperture diameter, such evaluation index 
becomes larger as the NA becomes larger, the spot diameter becomes smaller or the main peak intensity becomes 
40 larger. 
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It can be seen from Eq. 3 that the new evaluation index is proportional to the product of the Strehl intensity and the 
second power of the aperture limitation radius R normalized with the radius of the full-aperture of the objective lens. In 
the following, r| denotes the value obtained by multiplying the Strehl intensity by the second power of the normalized 
aperture limitation radius. In a normal CD pickup, since a wavelength of 780 nm is used and an objective lens NA is 
0.45, if there is no aberration for a DVD objective lens NA of 0.6, ti = 1 x (0.45/0. 6) 2 = 0.56, and r| = 0.45 at 0.8 which 
is the lower limit of the Strehl intensity based on Marshal's criterion. Regarding spherical aberration due to substrate 
thickness error, a fourth-order spherical aberration is given by: 

W 40 = |^l (NA) 4 Eq. 4 



and a sixth-order spherical aberration is given by: 

15 \a/ d n 4 +2n 2 -3 /KIA *6 c c 

60= 32 ~5 ( * q 



In these equations, n denotes a refractive index. From these equations, an aberration, obtainable by adding an 
20 annular phase shifter which causes a phase lag of <{> between a radius R1 and a radius R2, is expressed as follows: 

Eq. 6 

W 6O P 6+ W 4O P 4+ W 2O p 2 +W 00 +<|> (R^psR^) 

30 

The Strehl intensity can be approximated as follows: 



25 



35 




Eq.7 



40 

Therefore, from this equation, R1 , R2 and <|> for a maximum rj as well as the NA, W20 and WOO of the aperture lim- 
itation are obtained. Actually, numerical-formula processing software was used to analytically obtain W20 and WOO and 
to numerically obtain R1 , R2 and <|> as well as the NA of the aperture limitation. As the result, it was found that when the 
inner and outer diameters of the annular phase shifter were NA0.20 and NA0.42 and the NA of the aperture limitation 

45 was 0.456 and the phase shift was 0.265 X(X~ 780 nm), t\ = 0.48 became a maximum and larger than t| = 0.45 based 
on Marshal's criterion. On the other hand, when optimization was performed with only the aperture limitation without 
using the annular phase shifter, t| = 0.45 was a maximum at NA0.39. In other words, this is equivalent to an improve- 
ment of from 0.61 to 0.86 in the Strehl intensity in terms of NA0.45. For this phase shift, the aberration occurring during 
a DVD-read operation was 0.33 X (X = 650 nm) in terms of RMS wavefront aberration. This is almost equivalent to the 

so working accuracy of lenses, and it can be considered that no problem occurs in practice. 

If this optimized phase shift of 0.265 X is compared with the previously described phase shift which does not affect 
a DVD-read operation, it can be seen that the closest phase shift is 0.333 X of the inverted annular phase shifter for m 
= 2 and n = 2 or of the annular phase shifter for m = 4 and n = 3. However, as m becomes larger, the step of a film or 
lens which causes a phase shift becomes thicker and the deviation of a phase shift when a wavelength shift occurs in 

55 a semiconductor laser becomes larger. Therefore, the inverted annular phase shifter is more preferably herein. When 
the shape of a phase shifter which was fixed at this phase shift which does not affect a DVD-read operation was 
obtained, ti = 0.47 was a maximum at an inner diameter of NA0.20, an outer diameter of NA0.44, and an aperture lim- 
itation of NA0.48. This is almost equal to the above-described optimized phase shift. 
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The effects of the annular phase shifter applying to the DVD objective is confirmed by ray tracing. Fig. 1 6 shows the 
specifications and the shape of the example DVD lens, where R, k, A4, A6, A8 and A10 are the paraxial curvature 
radius, conical constant, 4-th, 6-th, 8-th and 10-th order of aspherical coefficients, respectively. The surface shape is 
defined using these parameters and radial coordinate r by Eq. 8 

z(r) = f + A,r\A 2 r 6 +A 3 r 6 +A 4 r w 
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20 
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where the shape is assumed to be symmetrical to the axis. When the collimated light of wavelength of 780 nm is 
focused through CD substrate of thickness 1 .2 mm without the annular phase shifter, the root mean square (RMS) wave 
front aberration of the spot was 0. 1279A, (A=780 nm) in the aperture of NA 0.45. By applying the annular phase shifter 
of 0.3333 X (X=7SQ nm) to this lens, however, the aberration was reduced to 0.07366 k (X=780nm). On the other hand, 
when the collimated light of wavelength of 650 nm is focused through DVD substrate of thickness 0.6 nm with the annu- 
lar phase shifter, the RMS wave front aberration of the spot was accordingly less than 0.001 X (A^650 nm) in the aper- 
ture of NA 0.6. 

The above description has been made on the assumption that the aperture limitation is employed, but this does not 
necessarily mean that an actual aperture is needed. Actually, it can be considered that the above-described process is 
almost equivalent to specifying an evaluation area of a pupil when an optimized focus position is to be obtained by using 
an RMS wavefront aberration as an evaluation function. If a focus error is adjusted so that the RMS wavef ront aberration 
becomes as small as possible within the area of the aperture limitation, the aberration of light outside the area of the 
aperture limitation naturally becomes larger and the slope of the wavefront also becomes larger. For this reason, the 
rays in such area cross a focal plane at a position greatly offset from a focus. Therefore, the presence of such rays is 
almost equivalent to the absence of the rays in terms of a focused spot. 

If only the annular phase shifter is used in the above-described manner, spot performance will be improved but a 
Strehl intensity of 0.86 for NA0.45 may not completely suffice when account is taken of a degradation of a spot due to 
misalignment of optical parts, disk tilt, focus error or the like. For this reason, in combination with the above construc- 
tion, different substrate thicknesses to be optimized may be provided inside and outside a lens. Such lens is hereinafter 
referred to as the dual optimum substrate lens (DOSL). This lens was invented by the present inventors as a method of 
realizing compatibility between both DVDs and CDs at a wavelength of 650 nm. This method is disclosed in Japanese 
Patent Application No. 342203/1995. However, such lens has the disadvantage that it is necessary to make this dual 
NA at least NA0.45 or more for the purpose of reading CDs at a wavelength of 780 nm, and in this case, the aberration 
for DVD-read becomes extremely large. 

To solve such disadvantages, a phase shifter and the dual optimum substrate lens were combined to optimize the 
shape of the phase shifter, a phase shift, an inside-outside boundary radius and an inside substrate thickness at the 
same time, and it has been found out that such combination has the effect of decreasing both aberrations which occur 
due to the dual optimum substrate lens during a CD-read operation at a wavelength of 780 and during a DVD-read oper- 
ation at a wavelength of 650 nm, thereby further improving the spot performance for a CD-read operation. This combi- 
nation will be described below. 

The wave aberration due to the combination of the dual optimum substrate lens and the phase shift is expressed 
as follows: 



45 
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Eq- 8 
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In this equation, R1 denotes the inner diameter of the annular phase shifter, R2 the boundary radius, R3 the outer 
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diameter of the annular phase shifter, and R4 the radius of the aperture limitation. The disk substrate thickness required 
to remove an aberration differs between inner and outer regions separated, by the boundary radius, and the inner 
region is 0.6 mm thick for a DVD-read operation, while the outer region is optimized to be between 0.6 mm thick and 1 .2 
mm thick. Accordingly, the discriminator "V or "2" is affixed to each of the aberration coefficients W60 and W40 for 

5 spherical aberration for the purpose of discrimination between the inner and outer regions. The focus errors W201 and 
W202 are determined from a spherical aberration so as to minimize the RMS wavefront aberrations of the inner region 
and the outer region, and the constant terms W001 and W002 are determined so that the average values of the wave 
aberration of the inner and outer regions become the same, thereby optimizing the total RMS wavefront aberration. The 
differences between W201 and W202 and between W001 and W002 are determined by the difference between the 

to inner and outer corresponding substrate thicknesses of the lens, and W201 and W001 were also analytically obtained 
by numerical-formula processing software under conditions for minimizing the RMS wavefront aberration under the con- 
ditions of the phase shifter which were given W202 and W002. 

Further, regarding the given inner corresponding substrate thickness and the boundary radius R2, conditions for 
maximizing tj were obtained by numerically changing R1, R3, R4 and the phase shift. The result is shown in Fig. 6. In 

75 Fig. 6, the horizontal axis represents the boundary radius of the dual optimum substrate lens and the vertical axis rep- 
resents ii, and the result of calculations under optimized conditions for different central substrate thicknesses is plotted. 
In the graph, dashed lines respectively indicate a CD having no aberration, a lower limit level equivalent to a Strehl 
intensity of 0.8, the above optimized phase shifter, and a fixed phase shifter. These lines cannot be plotted with points 
on the graph because no dual optimum substrate lens is used. RMS wavefront aberration occurring during a DVD-read 

20 operation at that time is shown in Fig. 7. 

As can be seen from a comparison of Figs. 6 and 7, as the central substrate thickness is made closer to 1 .2 mm, 
the performance for CDs becomes higher and the aberration for DVDs increases. Therefore, a decision as to which of 
these points should be selected as an optimum point depends on the distribution of various margins of the system. It is 
considered, however, that it is almost possible to accept a CD performance of ti = 0.526 (0.94 in terms of the Strehl 

25 intensity for CDs) and a DVD RMS wavefront aberration of 0.030 for a central substrate thickness of 0.76 mm and a 
boundary radius of NA0.45. When the phase shifter is not provided, the evaluation factor of a CD and DVD aberration 
are 0.414 and 0.031 , respectively. Accordingly, the aberration of the light DDot for both a CD and a DVD are decreased. 
Furthermore, at this point, the maximum value of the CD performance and the minimum value of the DVD aberration 
coincide with each other. The phase shift of the annular phase shifter at this time is 0.2985 X {X = 780 nm), the inner 

30 diameter is NA0.2145, and the outer diameter is NA0.45 which coincides with the boundary radius NA. 

Fig. 8 is a diagram illustrating a dual optimum substrate lens with which an inverted annular phase shifter is formed 
integrally. Since the inverted annular phase shifter is formed integrally with the lens, the region of the annular phase 
shifter is recessed. Although a step for the dual optimum substrate lens is also formed on a disk-side surface having a 
comparatively moderate curvature, this step may be provided on only an image side. 

35 Fig. 9 illustrates the value of the CD-read spot, performance t) affected by a shift of a CD-read wavelength. 
Although the range of the horizontal axis is ±20 nm, the wavelength range in which the value of r| shifts due to temper- 
ature variations or the like seems to be about ±10 nm. The degradation within the wavelength range is from r\ = 0.53 to 
approximately r| = 0.52 at a wavelength shift of -10 nm, and is almost negligible because of a variation of from 0.93 to 
about 0.92 in terms of the Strehl intensity for NA0.45. In addition, Fig. 9 illustrates the values of the previously-described 

40 optimized annular phase shifter and the fixed annular phase shifter. 

Fig. 10 illustrates a RMS wavefront aberration for a wavelength shift during a DVD-read operation at a wavelength 
of 650 nm, and the aberration increases from 0.030 X up to 0.036 X at a wavelength shift of -10 nm when the dual opti- 
mum substrate lens and the optimized annular phase shifter are combined. It can be considered that this increase is 
also within a fully allowable range. In addition, Fig. 10 illustrates the aberrations of the previously-described optimized 

45 annular phase shifter and the fixed annular phase shifter. Regarding the fixed annular phase shifter, since its phase shift 
is selected so that no aberration occurs for DVDs, the aberration is 0 at a wavelength shift of 0. Regarding the optimized 
annular phase shifter, since its phase shift is offset from a phase shift which causes no aberration for DVDS, the wave 
aberration linearly varies toward a wavelength shift which corresponds to the phase shift. 

Fig. 1 1 is a graph illustrating wave-aberration shapes for a CD-read operation at a wavelength of 780 nm. For each 

so of the wave-aberration shapes, since a focus error is optimized within the NA range of an aperture limitation and the 
horizontal axis represents the coordinates of the pupil radius over a full-aperture of NA0.6, the aberrations become 
extremely large in their peripheral portions. On the other hand, since the vertical axis represents the aberrations in a 
folded form within the range of ±0.5 X, the peripheral portions seem to be sharply vibrating. These aberrations are sup- 
pressed over an NA wider than when a focus error is optimized with only the aperture limitation. Furthermore, the rise 

55 of the wavefront outside the range of the aperture limitation NA is also sharp, and it is expected that the effect of the 
aperture limitation becomes more remarkable because of such a large aberration. 

Fig. 1 2 illustrates wave aberrations for a DVD-read operation at a wavelength of 650 nm. Since the wave aberration 
for only the aperture limitation and that for only the fixed phase shifter, both of which are shown in Fig. 1 1 , become com- 
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pletely zero in Fig. 12, Fig. 12 only illustrates the case in which the dual optimum substrate lens and the optimized 
phase shifter are combined and the case of only the optimized phase shifter. From the fact that the aberration does not 
become zero even in the outermost portion in which no aberration at all occurs, it is seen that a small focus error occurs 
over the entire pupil. This is because the total RMS wavefront aberration becomes small owing to the small focus error 

5 if the phase shift caused by the phase shifter is regarded the aberration. In any case, the value of the vertical axis of the 
graph is considerably small and the distinctiveness of the wavefront shape is reduced to an actually negligible degree 
of RMS wavefront aberration. 

Fig. 13A illustrates the result of calculations on spot shapes. In the graph, the horizontal axis represents the spot 
size of an intensity which is exp (-2) times the peak intensity of a spot, while the vertical axis represents the value of the 

10 intensity of a side-lobe normalized with the main peak intensity of the spot. Accordingly, since it is desirable that both 
the spot and the side-lobe be small, it follows that a plotted point nearer to the bottom left of the graph corresponds to 
a spot of higher resolution. Assuming that the intensity distribution of the pupil of the objective lens is a symmetrical 
Gaussian distribution, the shown calculation result is that obtained when the ratio of a lens diameter to the range of the 
intensity of exp (-2) times the intensity of the center of the Gaussian distribution in the pupil is 0.1 and the ratio of the 

is intensity of the peripheral portion of the lens to the intensity of the central portion thereof is 0.98. 

In Fig. 13B, a white circle denotes a normal CD lens having no aberration, and as the position of a plotted point is 
nearer to the white circle, read-out performance becomes closer to that of the normal CD lens. Each black square 
denotes a normal DVD lens with only an aperture limitation. As such black squares, there are plotted three points which 
respectively correspond to the case in which the aperture limitation is actually inserted, the case in which the aperture 

20 limitation is omitted at that focus position, and the case in which the aperture limitation is omitted and the focus position 
is shifted so that the spot peak intensity becomes a maximum. Any of the cases is inferior in spot resolution to the nor- 
mal CD lens having no aberration. Each block triangle denotes the case in which only the optimized annular phase 
shifter is inserted, and there are similarly three plotted points. 

Although the spot size is considerably improved as compared with the case of the aperture limitation only, the side- 

25 lobe becomes considerably large if there is no aperture limitation. Each white square denotes the case in which the dual 
optimum substrate lens and the optimized annular phase shifter are combined. Although there are similarly three plot- 
ted points, it is seen that these three plotted points are considerably close to one another. In other words, it is seen that 
in this case it makes no matter whether there is an aperture limitation or not, and since the aberration of a beam outside 
the range of a virtual aperture limitation sharply increases, the forming of a spot is not substantially affected. In this 

30 case, the beam spot is slightly smaller in spot size and slightly larger in side-lone than the normal CD lens having no 
aberration. 

The reason why the value of r\ which is the evaluation index of the spot performance, is almost equal or slightly infe- 
rior to the normal CD lens having no aberration is presumed to be that the effect of the side-lobe which is not completely 
decreased is canceled by reducing the spot size. In addition, the result of calculations on a spot for a DVD-read opera- 

35 tion is plotted with a white triangle and diamond at the bottom left. The diamond denotes a spot for reading a DVD with- 
out aberration, and the triangle denotes the case in which the optimized dual optimum substrate lens and the optimized 
annular phase shifter are combined. Spot shapes for DVDs are almost the same. 

Fig. 14 illustrates an embodiment of an optical head. Light from semiconductor lasers 41 and 42 of different wave- 
lengths are combined by dichromatic mirror 20 and formed into parallel light by a collimator lens 5. The elliptical beam 

40 is formed into a circular beam by beam forming prisms 61 and 62. If the efficiency of the optical system is sufficiently 
high or the track pitch of a disk is wider than the gap between a main lobe of a beam spot and a first dark line on the 
disk, the beam forming prisms can also be advantageously omitted in terms of the number of component parts or for 
the purpose of decreasing crosstalk between adjacent tracks. The beam is transmitted through a beam splitter 71 and 
reflected by an erect mirror 8, and is then focused on an optical disk 10 by an objective lens 3 according to the present 

45 invention. The objective lens 3 is provided on a two dimensional actuator 9. The optical disk 1 0 may be a CD or a DVD. 
The two-dimensional actuator 9 moves in the direction of a disk radius in response to a tracking error signal and posi- 
tions the beam spot on a track, and also moves in the direction of the optical axis in response to a focus error signal and 
positions a focus position on ihe disk. 

The reflected beam again passes through the objective lens 3 and the erect mirror 8, and is reflected by the beam 

so splitter 71 and conducted toward a detecting optical system. The beam transmitted through a beam splitter 72 is formed 
into a focused beam by a focusing lens 111, and enters a beam splitter 73. The beam transmitted through the beam 
splitter 73 is transmitted through a cylindrical lens 1 2 and is made incident on a four-split photodetector 1 3. A differential 
signal obtained from the sum signals of the diagonal components of this split photodetector is outputted from a differ- 
ential amplifier 141 as a focus error signal. 

55 The beam reflected by the beam splitter 73 is also made incident on a two-split photodetector 1 5, and a differential 
signal obtained from the outputs of the two-split photodetector 15 is outputted from a differential amplifier 142 as a 
tracking error signal. The beam reflected by the beam splitter 72 is focused on a photodetector 16 by a focusing lens 
1 12, and the signal photoelectrically converted by the photodetector 16 is amplified by an amplifier 17 so that a data 
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signal is obtained. The data signal may be detected from a sum signal of the outputs from the detector for detecting a 
servo signal. In this case, the servo signal may be detected by band-limiting a signal detected up to a signal hand, 
through a low-pass filter or the like. The servo detecting-optical system is one example, and another system may also 
be used. 

5 Although the above description has referred to the embodiment in which the annular phase shifter is formed inte- 

grally with the objective lens, Fig. 15 shows another embodiment in which a DVD objective lens 18 and an independent 
annular phase shifter 19 are integrated in a hybrid form as an optical head which is incorporated in a two-dimensional 
actuator. Since it is assumed that this embodiment is substituted for only a portion corresponding to the optical system 
of Fig. 14 which extends from the erect mirror to the disk, Fig. 15 shows only the corresponding portion. 

io By using an annular phase shifter or by optimally combining the annular phase shifter and an objective lens having 
inner and outer regions each having a different substrate thickness which causes no aberration, it is possible to read a 
DVD having a substrate thickness of 0.6 mm with a laser beam of wavelength 650 nm and a CD having a substrate 
thickness of 1.2 mm with a laser beam of wavelength 780 nm by one lens without the need for an aperture limitation. 
Thus, using the present invention it is possible to provide a small-size inexpensive optical head. 

75 While the present invention has been described in detail and pictorially in the accompanying drawings it is not lim- 
ited to such details since many changes and modifications recognizable to those of ordinary skill in the art may be made 
to the invention without departing from the spirit and the scope thereof. 

Claims 

20 

1. An objective lens for focusing two laser beams having different wavelengths through substrates having different 
thicknesses for the respective wavelengths, comprising an annular phase shifter for decreasing an aberration of a 
focused spot of each of the two laser beams. 

25 2. The objective lens of claim 1, wherein the two laser beams are focused without aberration by an inner region and 
an outer region of said objective lens. 

3. An optical head comprising: 

30 two semiconductor lasers for generating two laser beams having different wavelengths, 

an objective lens according to claim 1 or 2, 

a diverger which diverges a beam reflected from an optical disk on an optical path which extends from said 
semiconductor lasers to the optical disk, and 

a detector which detects a focused spot position control signal and a data signal from the reflected beam 
35 diverged by said diverger. 

4. An optical head comprising 

at least two semiconductor lasers having different wavelengths, 
40 an objective lens tor focusing beams having the respective wavelengths on optical disks having different sub- 

strate thicknesses, 

an annular phase shifter for decreasing both aberrations of focused spots having the respective wavelengths, 
diverging means for diverging a beam reflected from an optical disk on an optical path which extends from said 
semiconductor lasers to the optical disk, and 
45 detecting means for detecting a focused spot position control signal and a data signal from the reflected beam 

diverged by said diverging means. 

5. The optical head of claim 4, wherein said objective lens has different substrate thicknesses for focusing the beams 
without aberration in its inner and outer regions. 

50 

6. The device of any preceding claim, wherein said substrates include a substrate having a thickness of 1.2 mm and 
a substrate having a thickness of 0.6 mm. 

7. The device of any preceding claim, wherein said annular phase shifter is integrally formed in the objective lens. 

55 

8. The device of any preceding claim, wherein said laser beams include a laser beam having a wavelength of 650 nm 
and a laser beam having a wavelength of 780 nm. 
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